Antisera prepared against each of three single and one pair of major structural proteins of the bovine coronavirus (Mebus strain) were used in immunoblotting studies to measure cross-reactivity with the structural proteins of the human coronavirus OC43 and the mouse hepatitis coronavirus A59. We conclude that the bovine coronavirus is comprised of four major structural proteins, gpl90 (normally present as 120-and 100-kilodalton subunits), gpl40, pp52, and gp26. The human coronavirus OC43 has an antigenically homologous counterpart of similar molecular mass to each of these proteins. The mouse hepatitis coronavirus A59 has an antigenically homologous counterpart to only three of these proteins: gp190, pp52, and gp26. There is no counterpart in the mouse virus to the 140-kilodalton glycoprotein, the apparent hemagglutinin of the bovine coronavirus.
Coronaviruses were initially grouped together on the basis of their electron microscopic appearance. Recent experiments to define the replicational strategy of some family members, namely, the avian infectious bronchitis virus, the mouse hepatitis virus, and the porcine transmissible gastroenteritis virus (1, 3, 13) , have suggested a common scheme, establishing that coronaviruses are a unique family from the point of view of molecular biology. Antigenic studies on coronaviruses, however, demonstrate the existence of at least four distinct subgroups within the family (10, 11, 19) . To date there is little or no evidence of shared antigens among the four groups, and this suggests that the subgroups are widely divergent evolutionarily.
In this study we investigated the antigenic relatedness among the proteins of the bovine coronavirus (BCV) and two other viruses in the same antigenic subgroup, the human respiratory coronavirus OC43 (HCV OC43) and the mouse hepatitis coronavirus A59 (MHV A59). Using antiserum prepared against each of three single and one closely migrating pair of major structural proteins of the BCV, we demonstrated by immunoblotting experiments that the BCV is comprised of four major structural proteins: gpl90 (normally present as subunits of 120 and 100 kilodaltons [kd]), gpl40, pp52, and gp26. The HCV OC43 was shown to have an antigenically homologous counterpart of similar molecular mass to each of the four proteins. The MHV A59 had antigenically homologous counterparts to only three of the proteins; a homolog to the 140-kd glycoprotein of BCV, the apparent hemagglutinin, was missing.
MATERIALS AND METHODS
Cells. The human adenocarcinoma cell line (17) and the mouse L2 cell line were grown in Dulbecco modified Eagle medium containing 50 p.g of gentamicin per ml and 8% fetal bovine serum (Sterile Systems, Inc., Logan, Utah).
Virus. The Mebus strain of BCV was grown in HRT-18 cells, and stocks were prepared as previously described (6 and not always present (6) . We continued to find their presence variable. The 140-, 120-, and 100-kd glycoproteins more precisely migrated as 130-, 110-, and 90-kd species, respectively, but the original molecular weights assigned (6) will be used in this paper to describe BCV proteins and to identify antiserum made against them. protein migrating with a molecular mass of 240 kd that had a variable presence was also identified (Fig. 1 ).
ovalbumin (46 kd), and carbonic anhydrase (30 kd) obtained from New England Nuclear Corp. Antiserum preparation. Proteins from 1.2 mg of purified BCV were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in a cylindrical tube after treatment with a mixture of 2% sodium dodecyl sulfate, 5 M urea, and 2% 2-mercaptoethanol. Protein positions were determined by calculating mobilities relative to bromophenol blue tracking dye and Coomassie blue-stained BCV proteins in a parallel gel. Polyacrylamide plugs containing the isolated proteins were minced and divided into three portions. One portion was emulsified with Freund incomplete adjuvant and 400 ,ug of N-acetylmuramyl-L-alanyl-D-isoglutamine (Calbiochem-Behring) and delivered subcutaneously to a rabbit. This process was repeated at 2-week intervals with the remaining portions of the gel plug. The estimated total amount of each protein used was 144, 240, 552, and 264 ,ug for gpl20-gplO0 (combined), gp65, pp52, and gp26, respectively. Antiserum was prepared against the combination of gpl20 and gpl00 since these were difficult to separate (6).
Immunoblotting. The method of Towbin et al. (18) as modified by Burnette (2) was used, except that proteins were electrophoretically transferred from polyacrylamide gels to nitrocellulose paper for 2 h by using a voltage gradient of 100 V, and the nitrocellulose wash buffer consisted of 150 mM NaCl, 5 mM EDTA, 50 mM Tris-hydrochloride (pH 7.4), 0.25% gelatin, 0.5% Triton X-100, and 0.1% sodium dodecyl sulfate. Nitrocellulose paper with bound proteins was incubated with either preimmune serum or antiserum, diluted 1:10 in buffer containing 50 mM Tris-hydrochloride (pH 7.4), 150 mM NaCl, 5 mM EDTA, 0.25% (wt/vol) gelatin, and 0.05% Nonidet P-40, and then reacted with 125I-labeled staphylococcus A protein as described by Burnette (2 Consistent with reports describing MHV A59, we found three major polypeptide species for this virus. These included a 180-kd protein (E2), shown to be a glycoprotein that is tryptically cleavable into 90-kd subunits, a 50-kd protein (N), shown to be an internal phosphoprotein, and a closely migrating group of proteins of ca. 23 kd (El), shown to share a common polypeptide and to have different levels of glycosylation (15, 16) .
Immunoblotting reveals four homologous proteins between BCV and HCV OC43 but only three between BCV and MHV A59. When purified BCV, HCV OC43, and MHV A59 were electrophoresed on the same gel and immunoblotted with rabbit antiserum prepared against the gpl2O and gplOO proteins of BCV, homologous proteins were found in HCV OC43 and MHV A59 (Fig. 2) . Antibody bound to the gpl2O and gplOO proteins of BCV as expected, but it additionally bound to the 190-kd protein in BCV. This suggests that gpl90 of BCV is an aggregate of the gpl2O and gplOO molecules or, alternatively, that gpl9O is an uncleaved precursor to the gpl2O and gplOO molecules. Antibody bound only to the 190-kd glycoprotein of HCV OC43. We have learned that the gpl90 molecule of HCV OC43 is converted by treatment with trypsin to molecules that comigrate with gpl2O and gplOO of BCV (Hogue and Brian, submitted for publication) and therefore behaves in a way analogous to the gpl8O (E2) protein of MHV A59 that is tryptically cleavable into 90-kd subunits (16) . Antibody bound to the gpl8O (E2) protein of MHV A59 and to its 90-kd subunit. The 190-kd glycoprotein of HCV OC43 and the 180-kd glycoprotein of MHV A59 therefore behave as homologous proteins antigenically and in their response to trypsin treatment. Because a 190-kd glycoprotein was found in BCV as a protein that varies in quantity from preparation to preparation, we hypothesize that it too is a precursor molecule to gpl2O or gplOO, or to both, and that it is more proteolytically labile than the HCV OC43 or MHV A59 counterparts. At times some reactivity against the 65-kd subunit of gpl40 was observed after electrophoresis of BCV with 2-mercaptoethanol (Fig. 2, lane 4) . We interpret this to mean that some antibody to gpl4O is present in the antigp120-100 serum since 2% 2-mercaptoethanol does not fully reduce large amounts of protein, and some gpl40 may have been in the electrophoretically purified gpl20-100 used to prepare antiserum. The converse is not true. Antiserum to gp65 did not react with the gpl20-100 bands (see below). No gp65 in HCV OC43 was ever observed to react with the antigpl20-100 serum, and this may have been due in part to the relative abundance of the gpl40 protein of BCV and HCV OC43. For BCV, gpl40 represents ca. 20% of viral protein (6), whereas for HCV OC43 it represents ca. 4% (Hogue and Brian, submitted for publication).
When the three viruses were immunoblotted with rabbit antiserum prepared against the gp65 protein of BCV, homologous proteins were found between BCV and HCV OC43 but not between BCV and MHV A59 (Fig. 3) . Antibody bound to the 65-kd glycoprotein when BCV was electrophoresed in the presence of 2-mercaptoethanol and to the 140-kd glycoprotein when the reducing agent was not included. This confirms our earlier suggestion that gp65 is a disulfide-linked subunit of gpl40 (6) . A homologous, disulfide-linked protein of similar molecular weight was identified for HCV OC43, but none was observed for MHV A59, even when the immunoblot was overexposed.
Antibody prepared against the internal 52-kd phosphoprotein of BCV bound to the phosphoproteins of BCV, HCV OC43, and MHV A59 (Fig. 4) . A narrow phosphoprotein band of ca. 160 kd is often observed when 2-mercaptoethanol is not included in the dissolution buffer. This phosphoprotein behaves as a possible trimer of pp52.
Antibody prepared against the gp26 protein of BCV bound ANTI BCV pp52 to this protein in BCV and to homologous proteins of the same molecular weight in HCV OC43 and MHV A59 (Fig.  5) . One striking feature of this protein is an apparent aggregation into multimeric structures.
Preimmune sera did not react with any protein in regions of interest when tested against BCV (Fig. 2, 3 , 4, and 5, lanes 6) or against HCV OC43 or MHV A59 (data not shown).
DISCUSSION Previous serological studies have demonstrated common antigens among BCV, HCV OC43, and MHV 3 (11) . Although MHV 3 and MHV 59 are distinctly different strains of MHV, they are related antigenically (5, 8) . Our studies confirm that there are shared antigens among BCV, HCV OC43, and MHV A59 and further identify which proteins among these viruses are antigenically homologous. Although we could not precisely measure the degree of relatedness among the three viruses by our studies, the overall polypeptide patterns would suggest that BCV and HCV OC43 are more closely related than BCV and MHV A59. BCV and HCV OC43 were distinguishable structurally by a difference in the behavior of the 190-kd glycoprotein, a difference in the abundance of the 140-kd glycoprotein, and a slight difference in the molecular weight of the internal phosphoprotein. These differences are consistent with a nucleotide sequence divergence of ca. 4% that we observed in two-dimensional Ti oligonucleotide fingerprints of the two viruses (W. Lapps and D. A. Brian, submitted for publication).
Our finding that the gpl40 protein of BCV has no homologous protein on the nonhemagglutinating MHV A59 is consistent with the notion that gpl40 functions as the hemagglutinin on BCV (B. King et al., submitted for publication). Since MHV A59 apparently has no homologous protein, the question arises as to the function of this protein in the replication of BCV and HCV OC43. Does gpl40 represent a protein that was lost by MHV A59 or, alternatively, one that ANTI BCV gp26 was gained by BCV and HCV OC43? Preliminary studies in our laboratory demonstrate that the antigenically related hemagglutinating encephalomyelitis virus of swine, strain 67N, also possesses a reducible, disulfide-linked glycoprotein of around 140 kd (unpublished data). There appear therefore to be evolutionary pressures for the retention of this protein in the three viral species. A comparison of genome sizes, RNA messages, and sequence analyses among BCV, HCV OC43, and MHV A59 would be useful in determining the true extent of relatedness among these viruses.
A previous study describing the structural proteins of HCV OC43 did not identify gpl40 (12) . The apparent reason for this is that Coomassie blue staining was used to identify electrophoretically separated viral proteins, and a minor protein such as gpl40 would not be readily visible by this method. In our studies, gpl40 represented ca. 4% of the total viral protein on the basis of incorporated radiolabeled amino acids from a mixture (Hogue and Brian, submitted for publication).
Two reports have recently described the existence of neutralizing antibodies in cattle against both BCV and HCV OC43 and in humans against both HCV OC43 and BCV (4, 14). These results could be explained either by the presence of common epitopes which give rise to heterologous neutralizing antibodies or by a zoonosis by one or both viruses. Our data cannot be used to rule out either possibility. The notion that these are possibly zoonotic viruses is consistent with our finding that HCV OC43 and BCV (Mebus strain), as well as three other primary isolates of BCV (one from Tennessee and two from Colorado), grow readily in human rectal tumor (HRT-18) cells without requiring adaptation. Since these cells maintain many features of primary cells, i.e., microvilli (17) , ready infection by BCV strains suggests there is no strict host tropism for BCV and leaves open the possibility of human infection by this virus. Our experiments would suggest that antigenic differences between BCV and HCV OC43 would not be useful in studying the epidemiology of these viruses serologically. On the other hand, distinct differences between the 190-kd glycoproteins, the internal phosphoproteins, or the genomic oligonucleotide fingerprint patterns may be useful in distinguishing the viruses during epidemiological studies.
